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ABSTRACT 
The New Zealand Anthocerophyte Megaceros pellucidus (Colenso) is found in wet, 
cool temperate rain forest and is associated with extremely low light habitats (0.5-7 
µmoles photons m-2 s·1). The light available to M. pellucidus was found to be only 
0.2% of the overhead crown canopy light and was heavily attenuated after passing 
through many leaf canopies. This thesis shows that the photon flux density in these 
extremely low light habitats can be augmented by two additional light sources, 
sunfleck light, especially at midday, and light reflected from adjacent water surfaces, 
such as rivers or ponds, as the sun's incident ray path angle diminishes late or early 
in the day. 
This thesis looks at some of the strategies M. pellucidus uses to survive in its low 
light habitat and , in adapting to acquire such sensitivity to low light parameters, how 
M. pellucidus protects itself from photoinhibition if exposed to high white light of 
more than 140 µmole s photons m·2 s·1 or blue (470 nm) light of more than 3 µmoles 
photons m·2 s·1• 
The chloroplast position in M. pellucidus, when in its normal habitat , was found to 
retain an expanded form situated on the periclinal cell wall proximal to the light 
source (an epistrophe position). When thallus ti ssue sections of M. pellucidus were 
irradiated with blue light of more than 3 µmoles photons m·2 s·1 or white light of 
more than 140 µmoles photons m·2 s·1 the chloroplast shrank dramatically and 
assumed a position on anticlinal walls (a parastrophe position). Red (662 nm) light 
of less than 130 µmoles photons m·2 s·1 or darkness had no obvious effect on the 
morphology epistrophe chloroplasts, but this treatment resulted in the chloroplasts 
expanding and moving back to the epistrophe position after irradiation by blue or 
high levels of white light. 
Based on the rate of volume change occasioned when the chloroplasts were irradiated 
with blue, white, red light or darkness it was concluded that a water flux was induced 
across the membranes of the various intracellular organelles that depended on the 
wavelength of the light and the photon flux density. 
Various concentrations of polyethylene glycol-20 (PEG) were used as an osmoticum 
and induced chloroplast shrinkage to an extent and at a rate similar that induced by 
blue light. Red (662 nm) light of 130 µmole s photons m-2 s-1, was observed to 
expand the chloroplast volume against the osmotic gradient , while darkness had no 
effect. 
A comparison of transmission electron microscope (TEM) micrographs taken of both 
blue I high light conditions and dark or red irradiated chloroplasts show differences 
in thylakoid membrane architecture, the dark-exposed samples having a loose open 
form with pseudograna and greater areas of stroma compared to the blue and high 
light samples that showed a tight compression of the thylakoids and very reduced 
areas of stroma. Large numbers of starch granules were apparent in all but the blue 
irradiated TEM micrographs. Examination of the micrographs showed there were 
obvious differences between the size of the starch granules (TEM, x7800, 
micrographs having starch granules with a dark to light ratio of 2.165) as well as in 
the texture and density. 
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Chapter 1 
Introduction 
Ecologically plants can be classified into sun or shade plants depending on the 
degree of genotypic and/or phenotypic adaptability to a particular light intensity 
(Bjorkman, 198 1; Bjorkman & Holmgren, 1963; Boardman, 1977). 
In areas subject to extreme shading only a few specialized plants are able to survive. 
The plants associated with these sites are mainly Bryophytes, Anthocerophytes and 
Pteridophytes. Generally all of the extreme shade areas, on which the various 
varieties grow, are cool and well supplied with water. The dry heavily shaded areas 
have few plants growing on them. The flora of these extremely shaded positions 
appear to have adapted to these low light situations by modifying and changing their 
physiological , anatomical and metabolic functions , to a greater or lesser extent. 
Shade plants have their photosynthesis (P5) saturated by relatively low photon flux 
densities (PFD) (light saturation rate of CO2 uptake ranged from 2.1-3.1 mg CO2 
dm-2 h-1 for shade species compared to high light species which ranged from 21-36 
mg CO2 dm-2 h-1 ) whereas full sun plants have a higher level of Ps since they have 
higher light saturation rates (Bjorkman, 1968)). The light is utilised within the 
chloroplasts that are able to function over a very wide range of light environments, 
(xerophytes in full sun >2500 µmoles photons m-2 s-1 to shade recesses in rainforest 
floors < 5 µmoles photons m-2 s-1) (Barbour et al., 2000; Bjorkman & Holmgren, 
1963; Chazdon et al., 1996; Etherington, 1982; Nobel , 1991 ; Osmond et al., 1987). 
The extreme shade plants are exceptionally efficient in their Ps ability; a ratio 
between the available PFD and the level of photosynthesis, the Ps efficiency of the 
shade plants is greater than the full sun plants (Bohning & Burnside, 1956). The 
extreme shade plant habitats have ample water, cooler temperatures than the sun 
exposed sites, adequate CO2 (an average CO2 concentration of 360 ppm at the forest 
floor level in a Queensland rainforest) (Bjorkman, 1981), but are limited by light, 
1 
thus any survival strategy must be directed towards some form of light enhancement 
or a more efficient metabolism (Khurana, 1998). 
Light , in respect to shade plants, is the major limiting resource and requires an 
optimal cost benefit strategy (Grime, 1981 ; Hodgson et al. , 1999; Larcher, 1995 ; 
Rincon & Grime, 1989). 
Shade plants and aquatic plants utili se a combination of strategies such as extended 
light harvesting antennae and use of alternati ve light wavelengths, changes in light 
harvesting chloroplast protein (LHCP) ratios (Grignon , 1999), changes in 
photosystem I : photosystem II (PSI: PSII) rati os (Boardman, 1977), light 
magnification and optic path modification (Yogelmann & Bj orn , 1986), changes in 
cellular ultra-structure (Chow et al. , 1982) and a wide range of gross morphological 
changes to achieve an ultimate light utili sation efficiency (Aro , 1982). 
Since deep shade pl ants are genotypically adapted for survival in low light situations 
any exposure to high light could seriously compro mise their survival (Boardman, 
1977). Shade plants have adjusted to low light levels by acquiring low light 
compensation points (LCP), where respiratory CO2 production equals P CO2 uptake 
(Bjorkman, I 98 1 ). 
In a shade plant the amount of light required to attain a Ps light satu rati on, where any 
further increase in PFD will not produce any further increase in Ps, is usuall y small 
fo r example, Mac he ( 1973), estimated a value of 2-3 klux in Marchantia 
polymorpha. In light response curves of CO2 uptake vs time with set PFD the 
effi ciency of Ps can be seen when the slope o f the curve is observed, the steeper the 
slope the more efficient the Ps In shade plants the initial slope is generall y very 
steep with a clearl y defined saturati on point and associated plateau in which no 
further Ps takes place (Bjorkman & Holmgren, 1963; Boardman, 1977) (Figure 1.1 ). 
Photoinhibition occurs when light quanta absorbed exceeds that used fo r Ps, and if 
leaves cannot dissipate the extra energy harmlessly, molecul ar and biochemical 
damage will eventuall y occur as a result of excessive levels of free radicals (the 
oxide anions; 0 2 -, H02, H20 2). Moderate excesses of free radicals are rendered safe 
by being scavenged and oxidised by such enzymes as superoxide di smutase (SOD) 
and peroxidases (Ishikawa et al., 1993). Shade plants are more susceptible to 
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photoinhibition from high PFD levels because of their low light saturation point. 
So shade plants with adaptations to enhance light capture and optimize Ps. must also 
include mechanisms to reduce the likelihood of photo-damage (Boardman, 1977). 
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Figure 1.1. An example of light saturation curves, as exh ibited by Atriplex patula grown at high 
light (20mW cm-2) intermediate light (6.3mW cm-2) and low light (2mW cm-2) from (Bjorkman et al .. 
1972). 
Some strategies that have evolved in shade plants to minimize photoinhibition and 
bleaching are largely mechanistic . Changes in chloroplast volume (Ivanchenko et 
al. , 1980; McCain & Markley, 1992; McCain, 1995 ; McCain, 2000; Nobel, 1968) 
reducing surface area, and chloroplast movement that creates a minimal surface 
exposure to the light source (Haupt, 1982; Haupt, 1999; Haupt & Hader, 1994), a 
compaction of thylakoids reduces the LHCP' s and electron chain sensitivity 
(Anderson & Aro, 1994; Anderson et al., 1988; Bischof et al ., 1999; Lichtenthaler et 
al., 1982; Vaughn et al. , 1992), and changes in light ray paths and photon scattering 
that disperses excess light energy (Vogelmann, 1993 ; Vogelmann & Bjorn, 1986; 
Vogelmann et al., 1996). 
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Generally the majority of shade plants possess leaves that are thinner with greater 
surface area, with larger chloroplasts and have higher chlorophyll levels than the 
leaves of sun plants. The ratios of chlorophyll a (Chi a) to chlorophyll b (Chi b) 
drop, shade plants having higher proportions of Chi b (Anderson et al., 1973; 
Chazdon et al., 1996). 
Ultrastructure investigations of shade plant chloroplasts show that thylakoid 
architecture differs from that of sun plant chloroplasts. Thylakoids of shade plant 1 
chloroplasts have large irregularly arranged stacks (grana stacks of up to 100 
thylakoids per granum) (Anderson et al. , 1973). This irregular arrangement would 
optimize the harvesting of weak diffuse light. In contrast the thylakoid architecture 
in chloroplasts exposed to high PFD is characterized by an arrangement of very 
condensed compact stacking with a paucity of visible stroma (Anderson & Aro, 
1994 ). This arrangement suggests a sheltering pattern with the external units 
creating a shading effect on the more interior platelets. 
Any shift in the proportions of stroma lamellae to grana stacks , in comparison 
between sun and shade plants is not evident but the length of the shade plant stromal 
lamellae is much shorter (Chow, 1999; Chow et al., 1990). The ratio of appressed 
thylakoid regions between the stroma lamellae and the grana was 3:2, in the shade 
plant Alocasia, compared to I :4, in a Spinach sun plant (Anderson et al., 1973 ). In 
Helianthus it was found that the thylakoids in contact with the stroma surface-to-
volume ratio, did not change relative to that of a high-irradiance control but remain 
significantly lower than that of a low-irradiance control. The change in the ratio of 
appressed thylakoids to thylakoids in contact with the stroma occurred within a 
relatively short time (5 min) with low PFD exposure and indicated a broadening and 
shortening of the appressed thylakoid stack (Wheeler & Fagerberg, 2000). 
It appears that the sun/shade acclimatization process of the chloroplast thylakoids is 
mostly driven by changes in photon flux densities and not by specific spectral band-
dependent receptors (Ghoshroy & Fagerberg, 1998). Although changes in the 
thylakoid distribution can be compacted in M. pellucidus by; light of PFDs > 3 
µmoles photons m·2 s· 1 in the blue (460-480 nm) waveband and expanded by red 
light (660-680 nm) of PFDs of up to 130 µmoles photons m·2 s·1 . 
1 \'ascular plants 
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Anderson proposed that a more efficient collection of light quanta would result with 
any increase in Chi b and its associated LHCP's and it is this increase that is 
responsible for the expansion in the thylakoid shade orientation (Anderson et al., 
1973). A similar thylakoid expansion and similar stroma lamellae can be seen in M . 
pellucidus chloroplasts (section 5.7). However stroma diminishment in shade plants 
does not occur in Megaceros , rather the reverse and the extent of this is shown in 
Figure 5.21. 
The sample plant that was chosen for this thesis , the Anthocerophyte Megaceros 
pellucidus (Colenso) E.A.Hodgs. (Chapter 2) is an extreme shade plant and common 
to all of the four sample sites (Chapter 4) and is found growing in light ranging from 
0.1 up to 7 µmoles photons m·2 s· '. The range, 0.1-7 µmoles photons m·2 s· ', is 
referred to, in this text, as the habitat light. 
While the chlorophyll content in shade plant chloroplasts is generally higher, 
relatively, than that found in sun plants, the chloroplast number per unit area of leaf 
is very much reduced (Chazdon et al., 1996; Chow et al., 1990). This has been 
explained on a cost / benefit analysis, where there exists a diminishing return for 
increasing chloroplast concentration. 
Measurements made of the PFD at four M. pellucidus sites (Chapter 4) show a 
extremely low level of available light PFD (0.07 moles photons m·2 day" 1), an 
attenuation of 99.84 % of a crown canopy PFD irradiance of 42.93 moles photons 
m·
2 day"' (Chapter 4). Bjorkman (1981) concluded that in extremely low light 
situations a further doubling of the chloroplast number will only increase absorption 
by 3-6%, an energy budget deficit. 
The size of the single chloroplast in the cells of M. pellucidus was found to be ideal 
for microscopy and volume measurement and a precedence of using the M. 
pellucidus chloroplast has previously been established: such as chloroplast gross 
morphology and ultrastructure (Valentine, 1984), the phylogeny and division of 
chloroplasts (Burr, 1968). Vaughn published a comprehensive review of the 
Anthocerophyta ultrastructure, incorporating much of hi s own research (Vaughn et 
al., 1992). The evidence of carbon concentration in the Anthocerophyta species 
chloroplast pyrenoid and the associated Rubi sco levels was described by Smith 
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(1996). Molecular genetics, especially RNA editing, was investigated by Yoshinaga 
( 1997). 
However, m all of the Anthocerophyte literature surveyed, there were only brief 
references to light stimulus and no actual quantification of light flux was made. As 
will be seen in these results any plant cellular ultrastructure experimentation, 
involving light , should include the light wavelength and PFD used. Earlier work has 
been done investigating the chloroplast movement in thallose Bryophytes by (Britz, 
1979; Hader, 1987; Haupt, 1982; Haupt, 1999; Haupt & Hader, 1994; Kendrick & 
Kronenberg, 1994) and many others. But apparently little research has been 
conducted on volume changes to chloroplasts in response to light. (Chapter 2). 
This work observes the effects of light at various PFDs, specifically red and blue 
wavelengths, on the chloroplast and its ultrastructure, of M. pellucidus. All previous 
workers have only briefly commented that the Megaceros chloroplast, orientation 
and size was subject to considerable variation when exposed to light (Burr, 1968; 
Valentine, 1984; Vaughn et al., 1992) but there were no recorded qualitative or 
quantitative measurements taken. 
During the exposure to high PFDs or blue light the volume of the M. pe/lucidus 
chloroplast was observed to shrink (Chapter 5) . However the total cell volume did 
not appear to decrease at the same time , although no measurements of total cell 
volume were taken . 
It could be assumed therefore, that the constituents of the cell are retained and 
simply relocated into other organelles or extended within the cytoplasm as a 
reconstituted product. This appears very similar to an osmotic reaction and has been 
commented on and investigated by a number of workers using species other than 
extreme shade plants (Gupta & Berkowitz, 1988; McCain & Markley, 1992; 
McCain, 1995; McCain, 2000; Robinson , 1985; Weiss, 1996). In this work the 
tissue of M. pellucidus was immersed in an osmoticum and a similar contraction to 
5" 
high PFD and blue light was seen to occur (section 5.fe). 
In the low light conditions of its natural habitat, the vanous species of 
Anthocerophyta collected, exhibited a maximum of "chloroplast to light exposure" 
both in surface area and in spatial orientation. This chloroplast characteristic was 
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first reported by Bohm in 1856 (Kendrick & Kronenberg, 1994) who commented on 
the change that occurred in chloroplast orientation in response to light conditions. 
Chloroplasts respond to high light intensity by diminishing their exposed surface 
area (the major plane of the chloroplast lying parallel to the path of incident light) 
whereas in low light intensity their surface area tends to be maximized, (the major 
plane of the chloroplast at right angles to the path of incident light). This chloroplast 
phenomena was also investigated by Frank (in 1871 ) and Stahl (i n 1880) (Haupt, 
1982; Kendrick & Kronenberg, 1994) who commented that the orientation of these 
organelles appeared to depend on the direction of the light source and the intensity 
of this incoming light. 
Chloroplast migration , m response to light, is common to the majority of plants 
(Britz , 1979; Haupt, 1982; Haupt, 1999; Haupt & Hader, 1994 ). Three species, in 
particular, Selaginella, Mougeotia and Lemna, have been intensively researched and 
the chlorop las t arrangements, in response to light of various intensities , has been 
described (Britz , 1979) (Figure 1.2). 
Lemna Mou.geotia Selagindla 
light 
~r 'V/ T 1---1 sh-NJ€ o r cl.i.Iection \, _) bbie ~ht i --~ profile 
pan.strophe 
Fl light 's;r ~Neak ~t clilection i face / epistrophe 
daxkne,s CJ no 1-esponse '9/ 
apostrophe 
Figure 1.2. Diagrammatic representation o f the vari ous chloroplast arrangements in three plant 
spec ies. The directi on of the incident li ght is indicated by the arrows. T he te rms parastrophe, 
epistrophe and apostrophe have been used within thi s thes is (Adapted fro m Britz 1979). 
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The chloroplast arrangement for the species Lemna, as illustrated in Figure 1.2 , 
appears analogous to M. pellucidus, detailed in this thesis, and the arrangement 
termjnology as used by Britz ( 1979) will be used in this thesis. 
1.1 Hypothesis 
That the extreme shade tolerant plant, Megaceros pellucidus (Colenso) E. A. 
Hodges) , has a number of co-ordinated, anatomical and physiological characteristics 
that enable it to survive in the extreme low light situations in which it is found. 
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